The complete nucleotide sequences of trpA of Salmonella typhimurium and Escherichia coli were aetermined. The nucleotide sequences are 24.8% divergent, compared with amino acid sequence divergence of 14.9%. Over half of the codons of each gene contain synonymous nucleotide changes. The pattern of synonymous nucleotide changes is consistent with the interpretation that such changes result from random mutational events. We do not find any evidence indicating that codon selection or RNA structure is of major selective value. We conclude that polypeptide function is the primary basis of selection in trpA and that most synonymous codon changes are selectively neutral. In several studies it has been observed that evolutionary changes in the nucleotide sequences of structural genes have accumulated to an extent greater than expected from amino acid sequence variation (1-4). These observations have stimulated an interest in the role of natural selection in nucleotide sequence variation and have raised the question: What fraction of such variation is due to nonselective or neutral nucleotide changes (5-8)? A comparable question has also been asked of protein primary sequence variation and, although our knowledge of protein structure and its relationship to function permits an appreciation of the participation of natural selection in protein structure evolution, as yet it has not been possible to ascertain what fraction of amino acid changes in homologous proteins are selectively neutral. Defining selectively important features of nucleotide sequences has proved equally difficult. This uncertainty perhaps explains why the nucleotide sequence divergence in the 3-globin genes of rabbits and humans has been cited as evidence for both neutral and selected nucleotide changes during the course of evolution (4, (8) (9) (10) .
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In this report, we compare the nucleotide sequences of trpA of Escherichia coli and Salmonella typhimurnum. The products of these genes, the a-chain subunits of tryptophan synthetase, though divergent in both amino acid and nucleotide sequence (2, 11) , are interchangeable without loss of function both in vitro (12) (13) (14) and in vivo (13, 15) . Furthermore, interspecies recombinants between trpAs of E. coli and S. typhimurium have been produced and, although the hybrid tryptophan synthetase a polypeptides differ appreciably in amino acid sequence from either parent, there is no apparent functional difference (16) . We have determined the nucleotide sequence of trpA of these two organisms and can now directly evaluate the extent and type of synonymous nucleotide substitutions that have become established in this gene since the divergence of these two species.
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 W31 10 trpA33; tryptophan-independent ampicillin-resistant colonies were selected. The smallest plasmid recovered was 6.0 kilobases and contained a 2.3-kilobase EcoRI/Sal I fragment carrying all of trpA and most of trpB.
Restrictions, ligations, and transformations were performed as described (17) .
These studies were performed in accordance with the National Institutes of Health guidelines for recombinant DNA research.
Determination of DNA nucleotide sequences was according to Maxam and Gilbert (18) . The polyacrylamide gel electrophoresis system described by Sanger and Coulson (19) was employed.
A computer program was used in analyzing DNA sequences (20) .
RESULTS AND DISCUSSION
Amino Acid and Nucleotide Sequence Variation. Plasmids pJR42 and pBN2 contain trpA of E. coli and S. typhimurium, respectively (Fig. 1) . Detailed restriction maps of the trpA regions of these plasmids are presented in Fig. 2 . The strategy employed in determining the complete nucleotide sequence of each trpA is indicated in Fig. 3 . A nucleotide sequence was determined for over 75% of both strands of E. coli trpA, and over 95% of both strands of S. typhimurium trpA. Two Taq I restriction sites in E. coli trpA were not overlapped by additional sequencing information, but because each of these sites lies within a region corresponding to a sequenced tryptic peptide (21) , it is unlikely that we have overlooked any short restriction fragments. The correlation of nucleotide and amino acid sequences at these positions in both E. coli and S. typhimurium supports this conclusion.
The nucleotide and amino acid sequences of the two trpA genes are compared in Fig. 4 . The 804-nucleotide sequence codes for a polypeptide 268 amino acid residues in length. The nucleotide sequences of the initial and terminal portions of the E. coli sequence agree with those previously published (22, 23) . The trpB-trpA junction of S. typhimurium contains the same overlapping termination and initiation codons observed in E.
coli (22) . 5244
Proc. Natl. Acad. Sci. USA 76 (1979) The amino acid sequences of the tryptophan synthetase a subunits as deduced from the nucleotide sequences differ from the previously reported sequence in one position for E. coli (Glu rather than Gln at position 134), and in 11 positions for S. typhimurium (11, (21) (22) (23) Codon Usage. The codon distribution in trpA of E. coli (Table 1 ) is similar to that found in lad of the same organism (24) , but differs from the distribution in the ribosomal protein genes rplK, rplA, and rplL (25) , and in some bacteriophage genes (26) (27) (28) . In general, the trends observed by Berger (29) and by Post et al. (25) hold for E. coli trpA i.e., codons that must be recognized by tRNAs that are believed to be rare are used infrequently. The converse situation, that the frequently used codons are those that are translated by major isoaccepting tRNA species, while often valid, is not consistently true. The most common codons for leucine, isoleucine, lysine, arginine, and glycine correlate with their respective major isoaccepting tRNA species (30) (31) (32) (33) (34) (35) . The major isoaccepting species of tRNAA1a, on the other hand' contains a modified nucleotide in its anticodon and recognizes the alanine codons GCA, GCG, and GCU (36, 37) . However, the GCU codon is used less frequently than GCA or GCG. The alanine codon GCC occurs as frequently as GCA and GCG yet is recognized by a minor species of tRNAAla. Similarly, codons used frequently are recognized by minor tRNA species for serine, glutamic acid, valine, and proline (34, (38) (39) (40) .
The pattern of codon usage in S. typhimarium trpA is only slightly different than found in E. coli trpA. For example, both species show a preference for glycine codons G-G-pyrimidine, but GGC is used more often in S. typhimurium. S. typhimurium also shows a clear bias toward GAA for glutamic acid, CAG for glutamine, TAC for tyrosine, and TTC for phenylalanine. Because little information is available on the isoaccepting tRNA species in S. typhimurium, it is impossible to estimate the influence of tuNA availability on codon selection in this organism.
A significant difference in codon usage in the two trpA genes is apparent when the synonymous codons are compared (Table  1) . Seventy-five percent of the codon differences between the two trpA genes are due to synonymous codon changes. However, over half (70/119 = 0.59) of the synonymous differences are compensating. That is, the loss of a particular codon at one position is likely to be made up by a second synonymous change in a different position. Thus the actual extent of synonymous codon difference is greater than is apparent by inspection of the total codon usage in the two genes. Thp compensation phenomenon argues against codon selection as a major factor in the fixation of synonymous c6don differepces that now exist in the two genes.
The nucleotides found in the third positions of trpA codons are tabulated in AAT CTC TCT GGC CGC GGC GAT AAA GAC ATC TTT ACC GTA CAC GAT ATC CTG AAA GCG CGA GGG GAA ATC TG   C  T  C  T  C  T  T T  A   MET GLU ARG TYR GLU ASN LEU  ATG GAA CGC TAC GAA AAT TTA  TC C S  SER   10  PHE ALA GLN LEU  TTT GCC CAA CTC  G T G   ASN ASP ARG ARG GLU  AAC GAT CGC CGG GAA  G  G  AAA  LYS 6LU  LYS   20  GLY ALA PHE VAL PRO  GGC GCT TTT GTC CCC  A  C  T  T   30  PHE VAL THR LEU GLY ASP PRO SLY ILE  TTC GTG ACC CTG GGC GAC CCT GGC ATT  C  G  C  T  T 
His CAT
His CAC
Gly GGC 15 (6)
Parenthetical values refer to number of codons used in trpA of one organism for which a synonymous codon is used in the other organism. Synonymous nucleotide values include synonymous nucleotides within amino acid replacement codons.
Genetics: Nichols and Yanofsky Specific nucleotide changes.are presumably equally probable at each position of trpA, and natural selection acts to retain changes advantageous to the organism while removing those that are deleterious. The strongest selection acting on trpA in E. coil and S. typhimurium probably is based on polypeptide function. Nucleotide changes in amino acid replacement positions are highly nonrandom, and the majority of amino acid replacements are conservative. On the other hand, a surprisingly large number of synonymous nucleotide changes are tolerated in the trpA genes of the two organisms. Because the synonymous changes observed approach a random distribution, we conclude that selection may play a minor role in the retention of many of these changes. Our findings therefore support the argument that a significant fraction of the synonymous codon differences detected are selectively neutral.
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